ABSTRACT: Diazotrophic inputs by Trichodesmium have been shown to support production in tropical and subtropical marine environments, but the importance of Trichodesmium in the Gulf of Mexico has not been widely investigated. Here, we use stable carbon (δ 13 C) and nitrogen (δ 15 N) isotopes to determine whether diazotrophy impacts the isotope baselines of pelagic food webs in the northern Gulf of Mexico. Phytoplankton (measured as particulate organic matter), Trichodesmium, and zooplankton were collected from neritic and oceanic environments (salinity < 32 and ≥ 32, respectively). Our results show that zooplankton in both regions exhibited δ 
INTRODUCTION
It is important to identify the biological and physical processes that introduce new combined nitrogen (N), as such N stimulates primary producers (phytoplankton) that support higher trophic levels: zooplankton and larval fishes (Dugdale & Goering 1967 , Eppley & Peterson 1979 . Upwelling of nitrate (NO 3 − ) from the euphotic zone was thought to be the primary source of N supporting production in open ocean systems, while the biological fixation of atmospheric nitrogen (N 2 ), riverine sources, and atmospheric deposition of N were considered ancillary (Eppley & Peterson 1979) . Using molecular techniques and isotopes as tracers, this classic view was challenged. We now know that cyanobacteria in the open ocean can fix N 2 (Zehr et al. 1998 ) and can drive production by supplying significant amounts of fixed N to the photic zone (Capone et al. 2005) . Freshwater inputs have also been shown to impact phytoplankton community composition and primary production (Howarth & Marino 2006 , Quigg et al. 2011 . In addition, circulation patterns have been shown to entrain freshwater masses and carry them into the offshore marine environment (Biggs & Ressler 2001 , Biggs et al. 2008 . Assessing the importance of non-traditional processes, such as N 2 fixation and riverine inputs, using stable isotope techniques may help to explain the success of higher trophic levels in open ocean environments.
Calculating the natural abundance of nitrogen stable isotopes (δ 15 N) involves comparing the nitrogen isotope ratios ( 15 N: 14 N) of a sample to an atmospheric N 2 standard. Shifts in isotope abundance result from fractionation that occurs during chemical reactions that transform N, such as N 2 fixation and denitrification (Peterson & Fry 1987 , Montoya 2008 . There are many studies which show that fractionation is significant during inorganic N uptake and assimilation by phytoplankton based on species, cell size, growth rates, light, and nutrient concentrations (York et al. 2007 ). However, phytoplankton biomass δ (Altabet et al. 1986 , York et al. 2007 , Montoya 2008 . Measuring δ 15 N of particulates in the marine environment can therefore be useful in estimating the relative importance of isotopically distinct nitrogen sources, such as deepwater NO 3 − or N 2 , supporting phytoplankton growth. In addition, δ 15 N values of consumers are typically enriched by 3 to 4 ‰ compared to their prey, a difference which has permitted the use of δ 15 N values to calculate trophic position (Post 2002) . When carbon stable isotope (δ 13 C) measurements are also taken into consideration, information on the source of organic carbon, hence food web structure, is gained (Peterson & Fry 1987 , Fry 2008 . To apply these methods, an accurate estimation of an isotopic baseline must be calculated using the δ 15 N values of all potential producers forming the base of the food web (Post 2002) . Differential N sources therefore impact the δ 15 N values and trophic position of consumers by altering the δ 15 N values of organisms supporting them. Documenting these shifts in the pelagic realm will ultimately help answer questions concerning production in oligo trophic en vironments resulting from the use of different N sources.
Previous studies in the Gulf of Mexico (GOM) have used δ 13 C and δ
15
N values of producers and consumers to characterize trophic relationships of fishes in pelagic environments (Table 1) . In these studies, phytoplankton (measured as particulate organic matter, POM) and Sargassum spp. (hereafter Sargassum) were identified as important producers that supply organic matter to higher trophic levels (Rooker et al. 2006 , Wells & Rooker 2009 ). Similar methods have been applied to show that N 2 fixation (diazotrophy) by Trichodesmium spp. (hereafter Trichodes mium) supports large zooplankton assemblages in offshore regions of the western GOM (Holl et al. 2007 ). Depleted δ 15 N signatures in consumer tissues have been documented to occur in areas where N 2 fixation is thought to contribute significantly to new production in the East China, Sargasso, and Mediterranean seas and the western Atlantic Ocean (Minagawa & Wada 1986 , Gruber & Sarmiento 1997 , Montoya et al. 2002 , Capone et al. 2005 . Depleted δ
N values measured in consumers by Wells & Rooker (2009) suggest N 2 fixation plays a role, but this process has not been documented in the northern GOM.
In the present study, δ 13 C and δ
N values of POM, Trichodes mium, and zooplankton were measured in areas of the northern GOM to evaluate whether diazotrophy impacts the isotopic baseline of food webs where important larval and juvenile fishes are known to occur. The isotope data were then compared to salinity, phytoplankton pigment, and nutrient concentrations to attribute differences to freshwater influence. We hypothesize that organisms collected from areas where Trichodesmium is abundant will retain significantly depleted δ
N values compared to those in areas where concentrations of this cyanobacterium are low. To assess the mechanisms responsible for differences observed in our consumer isotope values, published food web data from the GOM were compared to isotope differences reported by Pajuelo et al. (2010) , who attribute isotopic baseline shifts in the Atlantic and Pacific oceans to differences in basin-scale N 2 fixation and denitrification. The present study aims to show that ecosystem function within the GOM can be attributed to the utilization of different N sources by the planktonic community. Specifically, we provide examples of how the products of diazotrophy and terrestrially derived N im pact isotopic baselines within the GOM, which confound the interpretation of consumer trophic positions. The results provide further insight into the early life ecology of pelagic fishes in oligotrophic environments and will help direct future research to identify differential resource acquisition in aquatic ecosystems.
MATERIALS AND METHODS

Study area
Samples were collected from 36 stations aboard the RV 'Ladybride' during ichthyoplankton surveys conducted in the northern GOM in surface waters off Texas, Louisiana, and Mississippi, USA, (26 to 28°N and 86 to 94°W) during June and July 2009 (Fig. 1,  Fig. S1 in the supplement at www.int-res.com/ articles/ suppl/ m464p037_supp.pdf). This region of the GOM functions as a natural experimental system to assess the utilization of differential N sources because N 2 fixation and freshwater inputs of N have been shown to enhance primary and secondary production by alleviating N limitation (Walsh et al. 1989 , Biggs & Ressler 2001 , Dagg & Breed 2003 , Holl et al. 2007 , Quigg et al. 2011 . During summer months, the northern GOM is influenced by inshore (hereafter, neritic) waters from the Mississippi and Atchafalaya rivers (Walker et al. 2005 , Biggs et al. 2008 in addition to the shedding of warm-core eddies by the Loop Current (LC) in offshore (hereafter, oceanic) regions (Biggs & Ressler 2001) . During the course of our study, the eastern sections of our sampling transects were dominated by the western edge of the LC, while the western sections transected a warm-core eddy (see Fig. S1 in the supplement). During July, we also transected water masses that exhibited decreased salinities and increased turbidity, which we Fig. S1 in the supplement).
Sample collection
POM, Trichodesmium, and zooplankton were collected from surface waters (<1 m) by towing plankton nets (mesh size: 20 µm for POM, and 333 µm for zooplankton and Trichodesmium, respectively) for a maximum of 10 min. POM collections targeted net or micro-phytoplankton (20 to 200 µm) that are likely the food source of the meso-zooplankton (0.2 to 2 mm) assessed in the present study (Sieburth et al. 1978) . Large colonies of Trichodesmium were isolated using sterile metal inoculating loops and transferred to a Nitex sieve (20 µm mesh). Zooplankton assemblages were isolated using sterilized forceps, and large zooplankton (chaetognaths, ge latinous masses, copepods, and other crustaceans) were trans ferred to a Nitex sieve (120 µm mesh). After collection, each sample was rinsed 3 times with filtered seawater (0.2 µm) and then filtered onto a pre-combusted (400°C for 5 h) Whatman GF/F (nominal pore size of 0.7 µm), which was subsequently folded and immediately frozen (−20°C). Salinity (herein reported using the unit-less practical salinity scale) measurements were taken at all stations using a calibrated Hydrolab, while samples for pigment and nutrient analysis were taken at 45% of the stations. Phytoplankton pigment samples were collected after manually concentrating 40 l of seawater using a plankton net (mesh size: 20 µm). The concentrate was filtered onto a Whatman GF/F and immediately frozen until later analysis at the University of South Carolina HPLC facility (J. Pinckney). Nutrient samples were analyzed for nitrate ( 
Stable isotope analysis
Filters were dried at 60°C until a stable dry weight was reached. For POM analysis, 6 hole punches were taken from individual filters and packed into tin cups. For Trichodesmium and zooplankton samples, 0.5 to 1.0 mg of dry material was scraped off the filters and packed into tin cups. Isotope ratios were determined using a Thermo Finnigan Deltaplus isotope ratio mass spectrometer that was coupled to a Costech elemental analyzer according to Wissel et al. (2005) and Wissel & Fry (2005a) . Stable carbon and nitrogen abundance were calculated according to Eq. (1) by comparing the ratios of the heavy to light isotopes of the sample to those of a known standard and are reported as δ important sources of freshwater in the northern GOM during the spring/summer, and the relative area of the plume encountered in July is outlined by the black dashed line. The Loop Current was also sampled during our study period and is the source of oceanic water masses (grey solid lines) in the Gulf. The Loop Current enters through the Yucatan Channel, and as it circulates clockwise through the Gulf, it typically sheds warm core eddies, one of which was also sampled during June and July
Data analysis
The R computing environment (version 2.9.0, www. r-project.org/) and vegan library (version 1.15-3) were used to assess similarity in isotope values and characterize water masses according to salinity, pigment, and nutrient concentrations using cluster and non-metric multidimensional scaling (NMDS) analyses. Multivariate analysis of variance (MANOVA) and analysis of variance (ANOVA) tests were run using SPSS (version 17.0) to establish whether stable isotope values of the POM, Trichodesmium, and zooplankton were significantly different between groups identified using agglomerative clustering. ANOVA was then used to assess whether significant differences in isotope values were driven by changes in δ 13 C, δ 15 N, or both. Non-transformed data were used for these analyses, and the normality and homogeneity of variance assumptions were tested using Kolmogorov-Smirnov and Levene's tests, respectively. The stable isotope data were not distributed normally; therefore, significance was established if p-values were less than or equal to an adjusted Pillai trace value of 0.025 or an adjusted Bonferroni alpha level of 0.025 (Pallant 2010) for MANOVA and ANOVA, respectively. Observed power (1 − β), where β equals the probability of a Type II error, was also calculated for each statistical test to assess the chances for Type II errors. Means of isotope and environmental data are presented with standard deviations unless otherwise noted.
For cluster analyses, POM stable isotope data were log 10 (|x|+1) transformed to remove negative values and scale data appropriately. Transformed isotope data were then categorized based on where the sample was taken and salinity measurements. Stations were categorized as originating from the LC, warm core eddy (WC), or freshwater entrainment (FW) prior to analysis, which allowed us to determine whether separation during cluster analysis could be attributed to freshwater influence. Stations were considered to be influenced by freshwater if measurements were below 32 psu; salinities of oceanic waters are typically higher. The transformed data were then used to calculate a triangular similarity matrix using the Bray-Curtis index, and a dendrogram was created using the agglomerative average linkage method, also known as the unweighted pair group method with arithmetic mean.
Environmental data from a subset of stations were then log 10 (|x | +1) transformed, and the corresponding transformed POM data were subjected to NMDS using the metaMDS procedure in the vegan library. This allowed us to visualize the similarity among stations in ordination space and perform an unconstrained ecological interpretation of the ordination using environmental vector fitting (Oksanen et al. 2009 ) similar to methods published by Olli et al. (2011) . This approach allowed us to describe the water masses and attribute variation in the isotopic composition of POM to significant differences in salinity, nutrient concentrations, the relative abundance of accessory pigments, and molar C:N ratios. The correlation between these environmental parameters and ordination scores was assessed using a coefficient of determination (R 2 ), which is expressed as a vector on the NMDS plot. The significance of the environmental parameters (p-values) was determined by running random permutations of the data using methods outlined by Olli et al. (2011) . Eqs. (2) & (3) were used to calculate the relative abundance of accessory pigments; pigment concentration data were divided by the respective chlorophyll a concentration (standardized to the maximum): xAP 1, 2,…n ր xCHL 1, 2,…n = x' 1, 2,…n (2) and then divided by the sum of all of the accessory pigments (standardized to the total):
where xAP is the concentration of accessory pigment, and xCHL is the concentration of chlorophyll a. The result is equal to the fraction of each accessory pigment in relation to 1 chlorophyll a molecule and is equivalent to Wisconsin double standardization commonly used in ecological community analysis methods (Oksanen et al. 2009 , Olli et al. 2011 ). This pigment matrix was used to determine the relative importance of algal groups using environmental vector fitting. Finally, the molar C:N ratios of samples were compared to published molar C:N ratios from the Mississippi River to further attribute the change in isotope values to terrestrial inputs.
To determine whether isotope shifts in our data were related to the use of different N sources, we compared published producer and consumer isotope data from the GOM to juvenile loggerhead sea turtle Caretta caretta isotope data from Pajuelo et al. (2010) using a cross-plot of δ 13 C and δ 15 N. Table 1 summarizes the stable isotope literature regarding producers and consumers of pelagic food webs from studies that collected isotope data in neritic and oceanic regions of the GOM. When data were not made available by authors, we only utilized studies that presented δ 13 C and δ 15 N property plots as the data could be accurately extracted using En gauge Digitizer (4.1). We utilized 2 publications in which data were collected from neritic environments (Wissel & Fry 2005b , Rooker et al. 2006 ) and 2 in which data were collected from oceanic areas (Holl et al. 2007 , Wells & Rooker 2009 ). In addition, we used data from Macko et al. (1984) , who presented results from both neritic and oceanic areas of the GOM. Fry (1983) , Senn et al. (2010) , and Fry (2011) present significant data but were not included in our analyses due to the difficulty associated with accurately extracting the data.
RESULTS
Stable isotope analysis
Cluster analysis of POM carbon and nitrogen stable isotope data identified 2 major station assemblages (Fig. 2) . Cluster 1 consists of 15 stations that were influenced by freshwater (salinity < 32) from July only, while Cluster 2 is composed of ± 21 stations from both June (11) and July (10) that originated from the LC or WC feature (salinity > 32). Therefore, the assemblages coincided with similarity in salinity (hence, water mass). This indicates that spatial and temporal variability in stable isotope values is important and that differences in isotope values are attributed to the presence/absence of fresh water from the Mississippi and Atchafalaya River system.
Isotope values of POM and zooplankton were significantly different between neritic and oceanic water masses identified using cluster analysis (MANOVA, Pillai's trace ≤ 0.025) ( Table 2) . ANOVA results indicated that δ .5 to -14.6 0.5 ± 0.8 -1.3 to 1.8 * Trichodesmium -13.9 ± 0.6 -14.6 to -13.5 -0.06 ± 0.5 -0.5 to 0.5 -14.4 ± 0.6 -15.1 to -13.9 -1.3 ± 0.6 -1.7 to -0.4 0.084 (0.077) Zooplankton -19.8 ± 0.9 -21.0 to -18.1 5.4 ± 1.1 2.6 to 7.8 -19.9 ± 0.9 -21.4 to -17.8 2.8 ± 1.4 0.5 to 6.5 * Table 2 . Range and mean ± SD stable isotope values of POM, Trichodesmium, and zooplankton for neritic and oceanic stations. 
Freshwater influence
nMDS coupled to environmental vector fitting showed that environmental conditions between neritic and oceanic stations were distinct (Fig. 3) . Neritic stations occurred on the positive side of the NMDS Axis 1, while oceanic stations lie on the negative side (Fig. 3) . Environmental parameters that significantly (Pearson's correlation coefficient p-value < 0.05) correlated to the 2-dimensional NMDS solution in cluded sal inity, silicate, DIN:P, and the accessory pigments zeaxanthin, fucoxanthin, and diadinoxanthin (Table 3) . The strength and gradient of the accessory pigments fucoxanthin and diadinoxanthin indicated that these parameters were significantly greater at neritic stations where POM δ 13 C was de pleted and POM δ 15 N was enriched. In contrast, the gradient and strength of salinity, silicate, DIN:P, and zeaxanthin vectors indicated that values for these parameters were significantly greater at oceanic stations where POM δ 13 C was enriched and POM δ 15 N was depleted. Phytoplankton pigments have been used as chemical biomarkers to estimate phytoplankton biomass and identify dominant phytoplankton groups in the northern GOM (Lambert et al. 1999 , Qian et al. 2003 . Overall, zeaxanthin and chlorophyll c1c2 were the most dominant accessory pigments (Table 3) but only the relative abundance of zeaxanthin significantly correlated with the nMDS solution. For oceanic stations, the accessory pigment contribution of zeaxanthin was greater than at neritic stations, indicating that cyanobacteria were dominant in these surface waters (Fig. 3, Table 3 ). At neritic stations, fucoxanthin and diadinoxanthin were dominant, indicating that diatoms and other eukaryotic phytoplankton were more prevalent in these surface waters (Fig. 3, Table 3 ). DIN concentrations were at the lower end of the typical range of values measured in the GOM at the neritic and oceanic stations (Lambert et al. 1999 , Quigg et al. 2011 ). Furthermore, NO 3 − concen trations were below the limit of detection in all samples, and DIN:P ratios indicated that both envi ronments were N limited. HPO 4 − concentrations were similar in both environments. SiO 2 was the only nutrient to correlate with the NMDS solution (Table 3) , and values at neritic stations were de creased relative to those at oceanic stations (Fig. 3 ). This suggests that there was a greater utilization of SiO 2 by the phytoplankton community at neritic stations. This finding is consistent with pigment data, which showed an increase in the abundance of diatoms (as fucoxanthin and diadinoxanthin) at neritic stations relative to oceanic stations (Table 3, Fig. 3 ). DIN:P values in both the neritic and oceanic water masses indicate overall N limitation, but the slight increase in DIN:P at oceanic stations suggests that N limitation was more widespread at neritic stations. The products of diazotrophy include NH 4 + and dissolved organic N compounds, and our results show elevated NH 4 + concentrations at oceanic stations. DIN:P ratios and NH 4 + concentrations measured from oceanic stations may signify that N 2 fixation slightly alleviates N limitation in areas where there is an increase in cyanobacteria.
Molar C:N has been used in conjunction with δ 13 C and δ 15 N values to evaluate the sources of POM in the Mississippi River (Wissel & Fry 2005b , Wissel et al. 2005 . We compare POM C:N values measured at our stations to those from the Mississippi River to further elucidate trends in our data (Fig. 4 ). POM C:N values at oceanic stations were characteristic of phytoplankton and bacteria (Wissel & Fry 2005b ) and were lower (5.8 ± 0.5) relative to neritic stations (8.1 ± 2.4). POM C:N ratios measured from the Mississippi River are higher (9.6 ± 1.0) (Wissel & Fry 2005b) , and our POM C:N ratios from neritic stations approached these values. Furthermore, the increase in POM molar C:N between oceanic and neritic environments is also accompanied by an increase in δ 15 N values (Fig. 4) , suggesting that POM measured at neritic stations was influenced by DIN originating from and transported by the Mississippi and Atchafalaya rivers.
DISCUSSION
The loop-hole theory by Bakun & Broad (2003) suggests that large pelagic fishes use nutrient-depleted environments to spawn because for their larvae the benefits from decreased predation offset the costs of minimal resources. This concept has also been used to describe the success of pelagic fish larvae in the Straits of Florida, but questions remain regarding the mechanisms by which prey items are supported in this open ocean environment as these regions are characterized by decreased primary production (Llopiz & Cowen 2008) . The role of diazotrophy in supporting higher trophic levels in these areas has not been widely investigated, and we present data that suggest N 2 fixation is important for sustaining ecologically and economically important pelagic fish species (e.g. billfishes and dolphinfishes) in the GOM. This may help to explain previous research which shows tropical and sub-tropical low latitude pelagic environments as important spawning, nursery, and foraging habitat for pelagic fishes despite their oligotrophic nature (Block et al. 2005 , Llopiz & Cowen 2008 , Rooker et al. 2008 , Simms et al. 2009 , Teo & Block 2010 , Kraus et al. 2011 . Depleted δ
15
N values of producers and consumers have been used to describe the relative importance of diazotrophy for marine food webs and explain differences in N cycling between basins (Montoya et al. 2002 , Capone et al. 2005 , Pajuelo et al. 2010 . Here, we apply these concepts to explain differences in our stable isotope data and compare a collection of published data from the GOM to assess basin scale differences in consumer groups. Our results indicate that N derived from diazotrophy is used by consumers in offshore environments; this supports previous research which speculates that N 2 fixation (primarily by Trichodesmium) is important in the GOM (Mulholland et al. 2006 , Holl et al. 2007 ). We also found the inputs from diazotrophy were tempered by freshwater, and terrestrial N sources support production in entrainments of neritic waters. Trophic models using stable isotopes as dietary markers should take into account the use of combined N from diazotrophy and freshwater inputs, which we show are significant sources of N in surface waters of the GOM.
Neritic and oceanic differences
Our analyses proved useful in showing that inputs from the Mississippi River system and N 2 fixation influence pelagic food webs in the GOM. δ (Table 1) (Thayer et al. 1983) . We attribute the differences between the present findings and those previously published to the presence of Trichodesmium colonies in the concentrated POM samples collected herein. This is consistent with published literature that indicates this diazotroph is unique in having the most enriched δ 13 C and depleted δ
15
N values compared to any other marine phytoplankton (Carpenter et al. 1997 , Tchernov & Lipschultz 2008 . Data from a 2 yr study described the POM from the Mississippi River as having an average δ 15 N value of ~7 ‰ (Wissel & Fry 2005b) , which is enriched compared to that of POM from oceanic origins. Our δ 15 N values measured from POM in neritic water masses approached this value (4.2 ± 1.3), suggesting the use of a mixture of N sources by the phytoplankton community in these environments. The difference can be explained by the use of DIN derived from the terrestrial environment in the neritic environment relative to an isotopically depleted source in the oceanic one. The pool of DIN in the Mississippi River is likely enriched because of the fractionation associated with the denitrification of NO 3 − or the nitrification and volatilization of NH 4 + originating from terrestrial runoff, sewage, and groundwater (Montoya 2008) .
In the oceanic regions, depleted POM δ N are not driven by differences in the type of food being assimilated but rather that N derived from diazotrophy is incorporated into the tissues of higher trophic levels in marine water masses. This finding is consistent with previous work that reports depleted δ 15 N values in consumers where diazotrophy contributed significant inputs of new nitrogen (Montoya et al. 2002 , Capone et al. 2005 , Holl et al. 2007 ). Furthermore, enriched zooplankton δ 15 N values collected from surface water with decreased salinity further support the use of differential nitrogen sources in the GOM. Zooplankton from neritic water masses are likely supported by phytoplankton using N originating from the terrestrial environment. The results of our analyses show that different N sources have the potential to confound isotope-based estimates of trophic position and hence the interpretation of food web models that use stable isotopes as dietary markers. Documenting these consumer differences is significant because the distribution and abundance of Trichodesmium in the GOM have not been sufficiently studied, and this genus has been overlooked as a significant source of N supporting primary production.
Trends in our stable isotope data are consistent with SSH and SSC maps that depict a freshwater plume being entrained into oceanic surface waters in July, despite the study area being ~100 to 350 km from the mouth of the Mississippi River (see Fig. S1 in the supplement). Depleted δ 15 N values were more widespread in June, when neritic water masses were not encountered, indicating that the role of Trichodesmium in supporting production within our sampling corridor was highly dependent on the magnitude of freshwater received from the neritic en vironment. This is supported by the observation that Trichodesmium colonies were visible at all stations in June but were only present at stations that exhibited higher salinity in July. The lack of Trichodesmium in lower salinity water masses reflects its documented preference for the tropical oceanic environment (La Roche & Breitbarth 2005 , Breitbarth et al. 2007 .
Furthermore, our findings that the relative abundance of cyanobacteria was significantly increased in marine stations is in agreement with previous studies that describe the phytoplankton community of LC surface waters being dominated by small-sized phyto plankton and cyanobacteria, such as Trichodes mium (Biggs & Ressler 2001) . In addition, depthintegrated Trichodesmium abundance in the western GOM was measured by Holl et al. (2007) . In contrast, the contribution of chlorophyll c1c2, fucoxanthin, and diadinoxanthin was increased in the neritic stations, which reflects an increase in the relative abundance of diatoms, dinoflagellates, and other eukaryotic phytoplankton. This also agrees with previous studies in the GOM which showed an increase in diatom abundance inshore (Lambert et al. 1999 ). Molar C:N and δ 15 N values measured in neritic water masses were similar to those measured from POM collected from the Mississippi River, suggesting that the presence of freshwater fueled the production of eukaryotic phytoplankton. This is consistent with data collected by Qian et al. (2003) , who found that the spatial distribution of chlorophyll a and the phytoplankton community composition were controlled by riverine inputs of nutrient enriched freshwater.
Isotope baseline shift
POM and Sargassum have been shown to contribute organic matter to food webs in regions of the northern GOM that serve as spawning habitat for important pelagic fishes (Wells & Rooker 2009 ). The stable isotope data from Wells & Rooker (2009) suggest that N 2 fixation by Trichodesmium may be important in supporting these populations. Previous literature has shown that Trichodesmium indirectly supports production by releasing NH 4 + and dissolved organic N compounds, such as amino acids, into its immediate environment during N 2 fixation (Mulholland & Capone 2000 , Mulholland et al. 2006 ). These products have been documented to be used by other components of the food web, such as phytoplankton (Mulholland et al. 2006 ) and heterotrophic bacteria (Biddanda & Benner 1997) , which are then available for consumption by higher trophic levels (Landry et al. 2001 , Montoya et al. 2002 , Holl et al. 2007 . N* models suggest N 2 fixation may contribute excess N to the northwest Atlantic Ocean and other subtropical regions, such as the GOM, which supports the indirect use of N derived from Tricho desmium (Gruber & Sarmiento 1997 , Capone et al. 2005 . Furthermore, depleted δ 15 N values of deep-water (200 to 600 m) DIN pools measured in the western GOM suggest that widespread N 2 fixation by Trichodesmium occurs in this region (Holl et al. 2007) . Presumably, if the phytoplankton community is utilizing this DIN, there would be a trophic transfer of this nitrogen pool up the food web, and consumer δ 15 N values would become depleted relative to consumers from areas where DIN inputs from N 2 fixation is ancillary (Montoya et al. 2002) . The results of the present study support this concept, as zooplankton isotope values from oceanic areas where Tricho desmium was abundant were significantly depleted when compared to zooplankton collected from neritic water masses. Pajuelo et al. (2010) measured the isotope signatures of juvenile loggerhead sea turtles Caretta caretta encountered in the northeast Atlantic and the southeast Pacific Ocean to decribe basin-scale differences in N cycling. Depletion in the δ 15 N values of the consumers collected from the Atlantic was attributed to increased N 2 fixation in that region when compared to Pacific consumers whose nitrogen isotope values suggest denitrified sources are more important (Pajuelo et al. 2010 ). The present study postulated that the depletion in δ 15 N values measured in this consumer was due to increased N 2 fixation in the Atlantic compared to the Pacific, where denitrified sources were more important. A comparison of stable isotope data of producers and consumers from the GOM to consumer data from Pajuelo et al. (2010) shows an isotopic baseline shift between neritic and oceanic environments in the GOM similar to that reported to occur between the Atlantic and Pacific Oceans (Fig. 5) . This evidence suggests that there are differences in N cycling between neritic and oceanic water masses in the GOM that are driven by diazotrophy and freshwater inputs. Results of this comparison study parallel our data in that δ , urea, and amino acids) (Vonk et al. 2008) and is able to exploit nutrients from POM remineralized by associated microbes that reside on its thallus (Schaffelke 1999) . Uptake of N from diazotrophic epiflora has been shown to support Sargassum in the Sargasso Sea and Gulf Stream (Hanson 1977) , and it is therefore reasonable to suspect that N compounds released by Trichodesmium are incorporated into populations of Sargassum in the GOM. This macro algae has been classified as essential fish habitat (SAFMC 2002), but its importance as a direct food source has been shown to be eclipsed by its value as a physical habitat and substrate for epibionts (Rooker et al. 2006) . The uptake of fixed N originating from Trichodesmium may therefore play an additional indirect role in supporting fish production by contributing to the success of Sargassum populations in the GOM. Consumer δ
13
C values fall within the −20 to −14 ‰ range and POM is likely the major contributor of organic matter to higher trophic levels. This has been documented in the GOM (Rooker et al. 2006 , Wells & Rooker 2009 ), and consumer δ 13 C values that are not centered around −14 ‰ suggest Trichodesmium is not directly grazed upon. Instead, we postulate that N compounds released from Trichodesmium are directly used or transformed into isotopically light NO 3 − before being incorporated into the food web. The collection of data from the GOM supports this theory, as δ 15 N values of zooplankton, shrimp (Panaeus sp.), and fish assemblages were depleted in the oceanic food webs compared to the neritic ones. The magnitudes of change differ among consumer groups, likely resulting from variation in the species composition of the assemblages, differences in prey preference among those species, and inconsistency in diet among similar species, such as the advancement to piscivory in larval fish (Wells & Rooker 2009 ).
Nevertheless, consumer data are consistent with data from Pajuelo et al. (2010) , who show that the Rooker et al. (2006) . This example was not included in Fig. 5 to avoid excessive overlap, but blue marlin are de scribed as oceanic apex predators that feed at the top of pelagic food webs. The discrepancy in isotope values can only be explained by an isotopic baseline shift resulting from consuming prey supported by isotopically depleted N.
This collection of data indicates that products of diazotrophy from Trichodesmium are not only utilized by phytoplankton, bacteria, and zooplankton but are also incorporated into Sargassum communities and fish tissues, providing a mechanism for the success of higher trophic levels in oligotrophic environments. Our results demonstrate that diazotrophy is important in the GOM and that the prevalence of Trichodesmium will alter stable isotopic baselines. Our findings support the new paradigm that diazotrophy is prominent in the open ocean, and Trichodesmium should be considered an important producer in areas where it is abundant. Validating the influence of diazotrophs in the GOM will help to explain production in areas where traditional N inputs, such as the upwelling of NO 3 − , have been shown to be minimal. Alternatively, differences in the composition of POM and variation in the fractionation of N between the neritic and oceanic environments may explain disparate isotope values. In addition, the role of atmospheric deposition of inorganic N in supporting phytoplankton growth (Prospero et al. 1996) and the preferential export of 15 N from the euphotic zone (Altabet 1988) should be investigated in the GOM as these mechanisms may also lead to depleted δ 15 N values of particulates. 
Conclusion
We used the natural abundance of stable isotopes to show that shifts in isotopic baselines of food webs in the GOM could be attributed to differences in N sources between neritic and oceanic water masses. Enriched δ 15 N values of POM and zooplankton collected from neritic stations reflected the use of N sources originating from the terrestrial environment. In contrast, depleted δ 15 N values of the POM and zooplankton at oceanic stations highlighted the importance of Trichodesmium in these environments, where N from diazotrophy supports secondary production. Salinity, silicate concentrations, DIN:P ratios, phytoplankton community composition, and molar C:N ratios were significantly different between neritic and oceanic water masses, allowing us to at tri bute variation in isotope signatures to freshwater inputs. When data are compared to shifts in isotope values resulting from differences in basin scale N cycling, it becomes apparent that food webs in the GOM use different sources of N. The isotopes of producers and consumers measured at oceanic stations in the GOM were useful in identifying diazotrophy by Trichodes mium as an important process that contributes to the production of higher order consumers, such as larval and juvenile fishes. Diazotrophy and freshwater in puts should be considered in future efforts that describe pelagic food webs in other re gions. Compound specific research focused on pathways by which N and C originating from Tricho desmium are incorporated into higher trophic levels will further validate the role of diazotrophy in sustaining oligo trophic food webs. 
